The degradation of the river water quality in Canadian rural catchments is of concern. In these catchments, the Soil Water Assessment Tool (SWAT) model can help better understand the problems related to diffuse pollution. The numerous documented applications of SWAT have been dominated by areas uniquely driven by rainfall. Given that Canadian hydroclimatic conditions differ due to the presence of a seasonal snowpack of long duration, evaluation of the hydrological performance needs to be performed prior to attempting any water quality simulations. The objective of the present work is to evaluate the hydrological behaviour of the SWAT model under snowmelt and rainfall for two small watersheds located in southeastern Canada. Different calibration schemes are evaluated including seasonal effects. One-year calibration gave satisfactory daily performances measured with Nash-Sutcliffe efficiency (NS) ranging between 61 and 83% and deviations of volume (D v ) between -10 and 1%, while in validation, NS was 40-73% and D v between -20 and -3%. The SWAT model has difficulties in reconciling both seasons. When winter and summer data are used separately to calibrate the model, the model performance is still much better for the winter season than for the summer one. However, the latter is considerably improved when only summer observations are provided for calibration. Conversely, calibration based strictly on the winter observations provides no real advantage over that based on all available data. A two-step composite calibration, which optimizes the SWAT snow accumulation and melt-related parameters on the winter data, after all other model parameters have been optimized on the summer data, provides a compromise.
INTRODUCTION
The water quality of Canadian streams is, at times, unsatisfactory. In an assessment, Simard (2004) notes important exceedences of summer median total phosphorus and nitrogen, mainly attributable to loads arising from agriculture. Turbidity exceedences and bacterial contamination are also noted. Schindler et al. (2006) point out that agriculture, along with urbanization and industry, are responsible for the higher concentration of nitrogen in the surface water and groundwater of southern Canada. This is likely to apply to other water quality indicators, such as total suspended solids and phosphorus. In agriculturally-dominated catchments, the Soil Water Assessment Tool (SWAT) model might be useful to simulate such water quality issues. Control strategies could then be proposed in an effort to lower concentrations of total suspended solids, nitrogen and phosphorus, in agreement with government targets.
In a comprehensive literature review of the SWAT model applications, Gassman et al. (2007) show that SWAT might assist in solving water resource management and diffuse pollution issues, for a large range of scales and environmental conditions. However, the vast majority of these applications concern watersheds driven by rainfall. Few assessments have been carried out in Nordic conditions.
Winter is a low-flow period characterized by the accumulation of solid precipitation, and minimum effluent dilution capacity and oxygen replenishment (Healy & Hicks, 2004) . Subfreezing air temperature persists up to snowmelt, which typically produces, over a period of about two weeks, the most abundant flood of the year. In eastern Canada, spring runoff is particularly affected by snowmelt, which delays the availability of the water and leads to a significant spring flood, especially when rainfall is superimposed on snowmelt. However, this phenomenon cannot be observed directly, and hydrological models must rely on a complex snowmelt routine to account for such events (Ferguson, 1999) . Knowledge of the snow water equivalent and energy budget are thus crucial to hydrological modelling in Nordic countries. However, the availability of ruler-based measurements is usually not dense enough to embody all snow cover conditions within a watershed. Furthermore, the restricted number of available observations makes it difficult to estimate the snow energy budget. Snowmelt routines are thus prone to some uncertainties. In contrast, spring floods have been reported transporting a large part of the sediment and nutrient annual loads (Jamieson et al., 2003; Gollamudi, 2006; Quilbé et al., 2006; Michaud et al., 2007) , stressing the need for a functional snow hydrology component (Zhang et al., 2008) .
The objective of the present work is to evaluate the daily hydrological behaviour of the SWAT model under snowmelt and rainfall for two small watersheds located in southeastern Canada. Different calibration schemes are evaluated, including seasonal effects, specific for winter or summer.
MATERIALS AND METHODS

The SWAT model
The SWAT model (release 2005 ) is a continuous physically-based distributed river basin model simulating water, sediment and pollutant yields (Gassman et al. 2007) . It was developed in the early 1990s to assist water resource managers to assess impacts of land-use management on water, and diffuse pollution for large ungauged catchments with different soil types, land uses and management practices (Arnold & Fohrer, 2005) .
The watershed needs first to be divided into sub-basins, each containing a main channel and a specific combination of land use, soil type and management practices, which will allow the specification of hydrological response units (HRU). Water balance computations are performed at this level of spatial discretization, and contributions of each HRU are then averaged out to represent water yield to the main channel. Water is then routed to the outlet of the watershed.
Review of SWAT applications
Pioneering work by Peterson & Hamlet (1998) , evaluating the hydrological routines of the SWAT model at the daily time step, underline difficulties in baseflow and snowmelt predictions. At that time, the snowmelt routine was based on temperature index and a constant snowmelt rate factor.
Since then, the snowmelt routine has been refined following Fontaine et al. (2002) . Major additions comprise temperature and spatial coverage evaluation of the snowpack, and inclusion of seasonal variation of the snowmelt rate. Possibilities of subdividing each sub-basin into 10 elevation bands have also been included. These modifications improved streamflow simulation performance in comparison to results obtained with the previous snowmelt routine, for a typical Rocky Mountain basin (4999 km 2 ) (Fontaine et al. 2002) . Wang & Melesse (2005) evaluated the actual SWAT snowmelt algorithm on a Minnesota (USA) watershed (4334 km 2 ) subjected to an average annual snowfall of 146 mm. They report satisfactory monthly performances and acceptable daily performances. A detailed season-byseason evaluation shows that better spring (March-May) performance generally leads to mediocre autumn (September-November) performance and/or mediocre winter (December-February) performance. Lemonds & McCray (2007) reported successful SWAT application for the Blue River watershed (867 km 2 ) in Summit County, Colorado, USA, when compared to average monthly observations. Snowmelt and snow formation parameters were identified as the most important calibration parameters, along with the several groundwater parameters. Zhang et al. (2008) also compared the performance of the SWAT model with different snowmelt algorithms, for runoff simulation in a macroscale mountainous river basin in the headwaters of the Yellow River, China extending over 114 345 km 2 . Their results showed that, in general, the SWAT model simulates monthly runoff well, and that, after calibration, the temperature index plus elevation band model provides equally good performance as the energy budget-based SNOW17 model. Under southeastern Canadian conditions, Michaud et al. (2007) obtained satisfactory calibration performance at the daily time step, at small scales (6-8 and 385-561 km 2 ), but the model was only validated with an independent data set on a 385 km 2 watershed.
SWAT snowmelt algorithm
The following mass balance performed at the HRU scale allows SWAT to keep track of the snowpack:
where SNO i and SNO i+1 are the water content at day i and i+1 (mm H 2 O), P s is the solid precipitation on day i (mm H 2 O), E sub is the sublimation on day i (mm H 2 O) and SNO mlt is the snowmelt on day i (mm H 2 O).
Daily mean air temperature dictates snowfall accumulation and snowmelt. Total precipitation is classified as solid or liquid based on a threshold mean air temperature. Part of the estimated daily potential evapotranspiration (ETP) is allowed to be lost by sublimation. A temperature index is used to obtain snowmelt estimates based on the following relationship:
where b mlt is the melt factor (mm H 2 O day -1 °C -1 ), SNO cov is the fraction of HRU area covered by snow, T snow is the snowpack temperature (°C), T mx is the daily maximum air temperature (°C) and T mlt is the base temperature above which snowmelt is allowed (°C).
A lagging factor (l) sets the influence of the previous-day snowpack temperature (T snow,i-1 ) on the mean air temperature of the current day ( i T , air ) in the evaluation of the current-day snowpack temperature (T snow,i ) through:
The snowmelt factor is allowed to increase to reflect the length of the day as the season progresses. A minimum snowmelt factor (b mlt,mn ) and maximum snowmelt factor (b mlt,mx ) occurring at the winter and summer solstices, respectively, control these seasonal variations through:
where d is the day of the year.
The spatial non-uniformity of snowpack coverage is taken into account through an areal depletion curve (Anderson, 1976) . Two additional parameters define the curve of such characteristics for the whole watershed.
There are seven parameters which control the snowpack accumulation and melt: the snowpack temperature lag factor TIMP (l), that dictates how quickly the snowpack temperature is affected by air temperature; the snowmelt base temperature SMTMP (T mlt ), above which the snowpack melts; the maximum and minimum temperature-index snowmelt factors SMFMX (b mlt,mx ) and SMFMN (b mlt,mn ); the snowfall temperature threshold SFTMP (T snow ), below which the total precipitation is taken as solid; and the areal snow coverage thresholds at 50% and 100%, SNO50COV and SNOCOVMX, that together control the areal depletion curve accounting for variable snow coverage. These parameters are defined at the watershed scale; therefore, heterogeneity between different HRUs-notably land use and areal distribution, which can influence the melt dynamicsis not taken into account.
Routing of snowmelt flows
Snowmelt events are considered in the same way as rainfall events. Note that there is assumed to be no interaction between rain and snow during a rain-on-snow event. Infiltration is limited when the superficial soil profile layer is frozen, through adaptations of the SCS-CN method (SCS, 1972) . Surface runoff is thus the favoured flow path of most snowmelt events. At the same time, no lateral flow or seepage is permitted when the soil is frozen, unless soil water content exceeds saturation. In such cases, seepage is permitted through the underlying soil layer. In cases where the bottom soil layer reaches saturation, no seepage is permitted through the vadose zone, and water in excess of saturation is then redistributed to an upper soil layer. When all soil layers are saturated and there is still some water to be attributed, it is removed, invalidating the water mass balance.
Within a sub-basin, all HRU contributions to surface runoff are summed and routed, considering some time lag, to the main channel. Finally, the variable storage routing method (Williams, 1969) was selected in preference to the Muskingum river routing method, because the former requires no calibration parameters. However, it does not take into account the effects of ice on the flow.
Data
The SWAT model was tested on 21-and 49-km 2 agricultural watersheds, tributaries of the Portage and Bras d'Henri rivers, respectively ( Fig. 1 ). Forested area, along with pasture and agriculture are the dominant land uses, over a dale-and-hill topography (Table 1) . Thematic maps, readily available from government agencies, are used for watershed delineation, stream identification, soil characterization and land-use classification: sources and resolution are specified in Table 2 , along with information about climatic and hydrological data.
For simulation purposes, the Portage watershed was divided into five sub-basins and 33 HRUs (64 ha on average), while the Bras d'Henri watershed was divided into nine sub-basins and 67 HRUs (73 ha on average). These configurations ensure a stream network definition that can be judged satisfactorily, the conservation of dominant land uses within each sub-basin, and a reasonable number of HRUs per sub-basin.
Streamflow data span from November 1999 to May 2005. The records were split into two successive periods of similar duration, referred to as A and B (Table 3) , used for calibration and validation, respectively. In each subset, winter (November-May) and summer (June-October) are differentiated in order to isolate the specific hydrological dynamics of each season. Both subsets A and B span three winters and two summers. Figures 2 and 3 illustrate the streamflow regimes at both sites. Most high flows occur at the end of the winter and are associated with snowmelt. Jan99 Jan00 Jan01 Jan02 Jan03 Jan04 Jan05 Jan06 0 Fig. 3 . In general, the range and median value of the summer streamflows are lower than the winter ones, mostly because of the occurrence of the snowmelt flood following the winter low.
Canadian rivers are ice covered (Walker & Wang, 1997) for a period of up to about six months (Hamilton et al., 2000) . Ice obstructions modify the hydraulic properties of a river, rendering stage-discharge relationships, developed under free-surface flow conditions, inapplicable. Estimation of winter streamflow relies on applying correction factors obtained from a minimum of two manual measurements, but ice effects vary as a function of time. The methodology leading to the transposition of correction factors is subjective, and relies mostly on the expertise of skilled staff (Hamilton et al., 2000; Turcotte et al., 2005) . Corrections have been shown to depend strongly on the manual streamflow measurements that are not error-free (Hamilton et al., 2000; Healy & Hicks, 2004) . In the present study, winter streamflow values have been corrected by the government agency responsible for the operation of the gauging stations. Nonetheless, the estimated winter streamflow remains a source of uncertainty.
Meteorological data (precipitation, and minimum and maximum air temperature) are observed within 9 km of the watershed centroids. The observed annual total precipitation ranges between 920 and 1340 mm, with roughly one quarter falling as snow (Fig. 4) , which is similar to the climatic normal . The monthly air temperature pattern exhibits a strong seasonal variation, with subfreezing temperature (snowfall) lasting most of the winter (Fig. 5) . However, climate variability within each month is much more marked for precipitation than for air temperature.
Calibration methodology
All 34 parameters that influence the land and the routing phases of the hydrological cycle were included in a sensitivity analysis performed with the LH-OAT method (Latin hypercube sampling, one factor at a time: van Griensven et al., 2006) , and all the available observations (e.g. observed streamflow). Once the most sensitive parameters had been selected, an automatic calibration was performed using the robust SCE-UA algorithm, for the winter and summer periods, respectively, and for both periods combined. The aim of the autocalibration procedure is to minimize the sum of squared errors (SSE) which is given by:
where Q is the simulated streamflow and Q is the observed streamflow. The SSE score is scale dependent, which forbids comparisons of the performance of forecasts for basins of different sizes or with different streamflow regimes. This drawback is overcome by using a skill score, which is a simple standardization of the score made by comparing the performance of the forecast with the performance of a reference forecast. The Nash & Sutcliffe (1970) efficiency index, NS, is a common standardization of the SSE:
where Q is the average observed streamflow. The NS parameter takes values between -∞ and 100%, the latter corresponding to a perfect fit, while a zero value means that the model yields the same performance as a one-parameter "no-knowledge" model always predicting the average observed streamflow. The use of the NS is recommended by Legates & McCabe (1999) and Moriasi et al. (2007) , mainly because of its extensive use allowing inter-comparison with other reports. For the same reasons, values of Pearson's coefficient of determination (r 2 ) are also calculated, even if they are highly correlated to the NS and oversensitive to high extreme values (Moriasi et al., 2007) . The r 2 takes a value between 0 and 1, where 1 represents a perfect agreement between simulated and observed streamflow. For both NS and r 2 , values above 0.5 can be judged as satisfactory. Finally, the deviation of volume (D v ) is used to assess underestimation or overestimation of the total observed streamflow (Coffey et al., 2004): ( )
Inevitably, hydrological calibration will depend on the magnitude, diversity and sequence of streamflow events. Models tend to have difficulty in reproducing conditions not encountered in calibration (Seibert, 2003) . Nonetheless, before they are used operationally, they must demonstrate how well they perform the task for which they were intended (Klemeš, 1986 ). The SWAT model is often used for "what-if" scenarios regarding diffuse pollution issues that may include modifications to climate, land-use management practices, etc. According to the hierarchical scheme proposed by Klemeš (1986) , the model must first show evidence of proper capabilities through a split-sample test using the data set interchangeably for calibration and validation purposes, and then through testing of the model capabilities beyond the conditions encountered in calibration through differential split-sample testing. For the present study, the short time series does not allow split samples that are statistically equivalent, directly leading to differential splitsampling.
RESULTS AND DISCUSSION
Sensitivity analysis
The LH-OAT sensitivity analysis method was implemented for all 34 SWAT parameters that influence the land and routing phase of the hydrological cycle. These are identified in Table 4 , along with their default values, sensitivity range, and descending order rank (for both watersheds). Four snowmelt-related parameters rank among the 10 most sensitive parameters, namely the snowpack temperature lag factor (TIMP), the snowmelt base temperature (SMTMP), and the maximum and minimum temperature-index snowmelt factors (SMFMX and SMFMN). The two most dominant SWAT parameters are the surface runoff lag coefficient (SURLAG) and the SCS curve number (CN2). The former controls the fraction of the total water available that accesses the river reach on a single day, while the latter allows the calculation of the amount of runoff from a rainfall event. It is noteworthy that the parameter ranking is very similar for both watersheds. Based on the above sensitivity results, the SCE-UA autocalibration was performed for the Portage and Bras d'Henri watersheds on 17 and 22 parameters, respectively. Calibrated values for the five principal snowmelt-related parameters (the four mentioned above and the snowfall temperature threshold, SFTMP) are discussed later.
Calibration based on year-long data
The SWAT model was first calibrated using year-long data. This is a standard approach in which the optimization routine should be able to account for all hydrological processes simultaneously. This concerns performance as shown in the rows identified as "Calibration Y" (calibration, yearlong) in Tables 5 and 6 , and scatter plots presented in Fig. 6 . Overall, year-long performance is satisfactory, but less so for the Bras d'Henri validation, for which low NS values (≈40%) are obtained in B A and volumes are quite underestimated (D v ≈ -20%) in A B.
The performance of the year-long calibration was next evaluated independently for winter (November-May) and summer (June-October). It can be seen from Table 5 NS ≈ 13% and D v ≈ 60% in calibration for A B, and NS ≈ -46% and D v ≈ 85% in validation for B A. Note that the watersheds are not far apart and, thus, are subjected to the same regional climatology (Anctil & Coulibaly, 2004) . Analysis of the streamflow residuals revealed that the variance of the residual increases as the magnitude of streamflow increases. Calibration is thus controlled by the high streamflow events that mainly occur during snowmelt; SSE is sensitive to heteroscedasticity (Wagener et al., 2004) . It seems that the SWAT model optimization favours high snowmelt streamflow at the expense of summer streamflow when agricultural activities occur.
Calibration based on winter or summer data
The difficulty of the SWAT model in depicting both snowmelt and rainfall processes simultaneously led to us to evaluate the idea of modelling both seasons separately, namely a parameter set each for winter and for summer. Performance achieved independently for winter and summer could then be compared with performances achieved previously for winter and summer in the year-long calibration discussed above.
Winter-only calibrations generally led to slight improvements over the performances already achieved for the year-long calibration (Fig. 7) , with the exception of the Bras d'Henri watershed calibration for B A, where NS fell from 40% to 34%.
Summer-only calibrations led to important improvements over the poor performances achieved for the year-long calibration at both sites (Fig. 8) . For instance, NS improved from 4% to 51% at the Portage watershed, and from -46% to 30% in validation for B A at the Bras d'Henri watershed. For the latter, the volume is much closer to expected values: D v ≈ 2% improving from D v ≈ 86%. Overall, the model performances show a much better balance between calibration and validation. Such results indicate that it may be advantageous to use distinct parameter sets for winter and summer, especially if one has a particular interest in the hydrology of the growing season. However, improvements for the snowmelt flood alone may not be sufficient to warrant such an effort.
Sequential calibration based on summer and winter data
In view that a single model should simulate flows adequately all year long, a two-step composite method of calibration was tested. An optimal parameter set, excluding the snowmelt-related values, was first identified for the summer subset. Secondly, the seven snowmelt parameters were adjusted with the winter subset. Year-long and winter performances were then compared to the previous optimizations (Tables 5 and 6 ). Notice that, since the snowmelt parameters are of no use in summer, the summer performances of that scheme are identical to those already discussed.
Overall, the two-step calibration scheme is a mixed success (Tables 5 and 6 ). This approach led to much better summer performances than the initial year-long calibration scheme, as discussed before, but at the expense of the winter performances. In most instances, the winter and year-long performances dropped considerably, especially when Subset A was used for calibration, whatever the site. For example, the largest loss of year-long performance occurred for the Portage River in calibration for A B, when NS fell from 82% to 60%, and D v from -10% to -41%. It thus seems that it is difficult to find a unique parameter set for the SWAT model that can reconcile the hydrological differences between snowmelt-and rainfall-driven processes. The lower quality of winter observations might be one of the reasons for this problem. 
Snowmelt parameters
The calibrated snowmelt parameters are listed in Table 7 , along with their values for the different calibration schemes, periods and watersheds. The most influential parameter, according to the LH-OAT sensitivity analysis, is the snowpack temperature lag factor (TIMP), which is ranked 4 in Table 4 . In all instances, the calibrated TIMP value is much lower than the default value 1.0, reflecting the fact that the snowpack temperature is moderately influenced by the current day temperature. Such behaviour is expected for a snowpack as high as the ones that accumulate each year on both watersheds. The snowmelt base temperature (SMTMP), the maximum melt factor (SMFMX) and the minimum melt factor (SMFMN) rank next, sharing ranks 8-10 in Table 4 . Most calibrated SMTMP values are slightly below 0°C, favouring the early start of the melting process. Calibrated snowmelt factor values tend towards opposite sides of the allotted range: SMFMX is close to 7 mm °C -1 d -1 , while SMFMN is close to 1 mm °C -1 d -1 , revealing strong seasonal variations (note that the default value is 4.5 mm °C -1 d -1 for both parameters). Such behaviour is expected for Northern Hemisphere regions with melting occurring as late as April. However, it is noteworthy that the calibrated values of SMFMN for Period B at Bras d'Henri watershed differ from those associated with the nine other scenarios. In this case, it seems that SWAT needs to increase the minimum melt factor considerably in order to reproduce the very high flows of April 2005. Finally, the snowfall temperature threshold, SFTMP, is not a dominant parameter for the selected watersheds, ranking about 20th out of 34 parameters. It was nonetheless calibrated and the resulting values are close to the default one.
CONCLUSION
This study evaluated the performance of the SWAT hydrology component under southeastern Canadian conditions through different calibration schemes.
The traditional calibration scheme using year-long streamflow gave satisfactory performance: NS ranged between 40 and 73%, and D v between -20 and -3% in validation. This calibration scheme was controlled by high streamflow arising mainly from the major melt events. As a consequence, satisfactory winter performance is attained at the expense of a substantial volume overestimation during the summer season. Even worse performance was obtained for dry spells, no matter whether or not they were included in the calibration subset. It is thus evident that the SWAT model has difficulties reconciling both winter and summer seasons, for the tested watersheds.
A calibration scheme differentiating the distinctive hydrological dynamics associated with winter and summer seasons was tested. Winter-only calibration led to minor improvements in performance. Calibration based solely on summer streamflow considerably enhances summer performance, mainly by reducing deviation of volume to an acceptable range. Nevertheless, the model still experiences difficulties in reproducing dry spells.
This study also evaluated a two-step calibration methodology that first resorts to summer observations to calibrate the main SWAT parameters and then exploits the winter observations to calibrate the snowmelt parameters. This approach secures good summer streamflow performance, but may not be optimal for winter streamflow. The results showed that a two-step calibration provides a compromise over the other tested calibration scheme. It did improve the summer performance, but failed to reach as good a winter performance as when the year-long data were used in a single step. Obviously, the snowmelt routine calibration alone cannot overcome the underestimation of the simulated winter volumes.
Streamflow observations under ice-cover conditions are known to be less reliable than ice-free ones. This, and limitations in the current snowmelt component model structure regarding routing of snowmelt events, might explain the systematic tendency to underestimate predicted winter volume.
Improvement of the present calibration methodology will require a detailed investigation of the SWAT model snowmelt structure, along with the consequences of forcing input errors (snowfall, observed streamflow) on winter predictions and errors in the winter observations that are typically larger when rivers are partially frozen. In particular, the actual snowmelt routine has to be investigated in detail regarding low water-level periods, frozen soil conditions, and heterogeneities in snowmelt processes according to distinctive land use. In the mean time, at least for small agricultural watersheds in southeastern Canada, it is recommended to operate the SWAT model with two sets of parameters, one for the winter and the other for the summer.
